The c-di-GMP [bis-(3 -5 )-cyclic dimeric guanosine monophosphate] riboswitch is a macromolecular target in the c-di-GMP second messenger signalling pathway. It regulates many genes related to c-di-GMP metabolism as well as genes involved in bacterial motility, virulence and biofilm formation. The riboswitch makes asymmetric contacts to the bases and phosphate backbone of this symmetric dinucleotide. The phylogenetics suggested and mutagenesis has confirmed that this is a flexible motif where variants can make alternative interactions with each of the guanine bases of c-di-GMP. A mutant riboswitch has been designed that can bind a related molecule, c-di-AMP, confirming the most important contacts made to the ligand. The binding kinetics reveal that this is a kinetically controlled riboswitch and mutations to the riboswitch lead to increases in the off-rate. This riboswitch is therefore flexible in sequence as well as kinetic properties.
c-di-GMP signalling and the c-di-GMP riboswitch
The dinucleotide c-di-GMP [bis-(3 -5 )-cyclic dimeric guanosine monophosphate] functions as an important second messenger signalling molecule in bacteria. Many critical transitions are controlled via this pathway, including biofilm formation and expression of virulence genes [1] . Although c-di-GMP has been studied for over 20 years [1, 2] , the macromolecular targets and the molecular details of these interactions have only recently begun to come to light. As expected, several proteins have been found to function in this pathway [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and it is likely that many more will be discovered. However, it was also realized that an RNA functions in this signalling pathway. In 2008, Breaker and co-workers reported the discovery of a riboswitch that binds c-di-GMP and modulates gene expression in response to this second messenger [15] . They recently identified a second class of c-di-GMP responsive riboswitches [16] , further expanding the role of RNA in this signalling pathway.
Riboswitches are non-coding RNAs found primarily in the 5 -UTR (5 -untranslated region) of mRNAs. The majority are in bacterial species although examples have been found in eukaryotic organisms as well [17] . Most riboswitches fold into complex tertiary structures that allow them to selectively bind small molecule metabolites. The domain that is responsible for recognition of the small molecule ligand is connected to a downstream element that controls gene expression either at the transcriptional or translational Key words: bis-(3 -5 )-cyclic dimeric GMP (c-di-GMP), guanine, ligand binding, riboswitch, signalling. Abbreviations used: c-di-GMP, bis-(3 -5 )-cyclic dimeric GMP; TL/TLR, tetraloop/tetraloop receptor. 1 To whom correspondence should be addressed (email scott.strobel@yale.edu).
level. Most often this occurs through a conformational change in the ligand-binding domain that leads to the stabilization of one of several mutually exclusive secondary structures in the downstream element [17, 18] .
The c-di-GMP responsive riboswitch (GEMM motif) is found upstream of genes that are involved in the metabolism of c-di-GMP and genes known to be involved in pathways controlled by this second messenger. Over 500 examples of this motif have been identified in many diverse bacterial species [15, 19] . Examples of both transcriptional as well as translational regulation are found in this riboswitch class [15] . This RNA element binds c-di-GMP with an affinity of approx. 10 pM [20] , making it the tightest binding c-di-GMP receptor as well as the highest-affinity RNA-ligand interaction known.
The secondary structure was predicted to consist of two stems that interacted via a TL/TLR (tetraloop/tetraloop receptor) interaction and undefined conformation in the 5 and 3 ends [15, 19] . Biochemical evidence showed that these flanking regions became more structured upon c-di-GMP binding [15] . The crystal structure of a riboswitch from Vibrio cholerae was solved by both our group [20] and a second group in 2009 [21] . Both structures revealed that the two terminal ends of the RNA form a third helix (P1) when ligand is bound (Figure 1 ). We predict that the formation of this induced helix is the molecular trigger for this riboswitch class. The two predicted helices (P2 and P3) were observed as well as the TL/TLR motif. Additionally, there is a universally conserved CG (C44/G83) base pair that bridges the P2 and P3 helices. The overall architecture is Y-shaped and c-di-GMP binds at the three-helix junction. The binding pocket is formed by nucleotides from the P1 and P2 helices as well as the interhelical linker regions, J1/2 and J2/3. 
Recognition of c-di-GMP by GEMM
These structural studies revealed the details of molecular recognition of c-di-GMP by the riboswitch [20, 21] . The two guanine bases, G α and G β , are recognized asymmetrically by the RNA. Both are contacted by multiple riboswitch nucleotides but the number and types of interactions are quite different. G α is primarily recognized on its Hoogsteen face by the conserved nucleotide G20. Additional contacts are provided by backbone atoms of C46 and A48, as well as a water molecule present in the binding pocket (Figure 2a ).
G β is more extensively recognized by the RNA. The highly conserved cytidine, C92, forms a standard Watson-Crick base pair with G β . N2 and N3 are contacted by nucleotides from the J1/2 linker region, C17 and A18. Finally, the 2 -OH of A47 forms a hydrogen bond with N7 ( Figure 2b ). This base pair effectively becomes the first pair in the P1 helix. In addition to direct hydrogen-bonding contacts to the bases of c-di-GMP, the riboswitch also provides stacking interactions [20, 21] . A universally conserved nucleotide, A47, stacks between the two guanine bases. GC base pairs both above and below c-di-GMP continue the stacking network into the P2 and P1 helices respectively. These stacking interactions are predicted to contribute to the exceptionally tight-binding affinity observed in this system [20] .
The riboswitch comes into contact with the phosphodiester backbone of c-di-GMP as well. Both sugars interact with RNA atoms as well as solvent molecules [20] . Similar to the guanine bases, there is asymmetric recognition of the two phosphates. The phosphate 5 of G α (P Gα ) is more heavily contacted than the phosphate 5 of G β (P Gβ ). P Gα forms hydrogen bonds with the exocyclic amines of A47 and A18. Additionally, it is co-ordinated by a fully hydrated Mg 2+ ion. P Gβ primarily interacts with water molecules [20] .
RNA requirements for second messenger binding
Despite the many specific interactions that the riboswitch makes with c-di-GMP, very few nucleotides in this RNA motif are universally conserved [15, 20] . Surprisingly, G20 and C92, the nucleotides that most directly interact with the ligand, are not among the most conserved nucleotides. Instead, nucleotides in the J2/3 region, including A47, the nucleotide that stacks between the two bases, as well as nucleotides involved in tertiary interactions, are the majority of the universally conserved bases. This observation led us to hypothesize that alternative interactions could be made with c-di-GMP and to define the RNA requirements for ligand binding through a comprehensive mutagenesis study [22] .
Several mutations can be accommodated in the binding pocket without eliminating c-di-GMP binding [22] . The least detrimental alterations retained a purine at position 20 and a pyrimidine at position 92. Crystal structures of both the G20A and C92U mutants confirmed their ability to interact with c-di-GMP by contacting the Hoogsteen face and formation of a GU wobble pair respectively. These mutations are, unsurprisingly, the most common variants at each of these positions, suggesting that these riboswitches are functional in vivo. The flexibility at positions 20 and 92 was not observed at position 47. All mutations to this nucleotide resulted in substantial loss of affinity for c-di-GMP, consistent with its absolute conservation [22] .
Other binding pocket nucleotides, specifically those in the J1/2 segment, are tolerant of mutation except in cases in which the sequence becomes complementary to other regions in the RNA and promotes misfolding of the riboswitch. The clearest example is the C15G mutant which can extend the P1 helix into the binding pocket by base pairing with C92 [22] .
The tertiary elements close to the binding pocket are essential for ligand binding while those farther away appear to be less critical. The conserved C44/G83 base pair cannot be mutated without substantial loss in c-di-GMP binding, while the TL/TLR can be altered with minimal effect [22] .
From structural and biochemical data it is known that the P1 helix is formed when c-di-GMP is bound [15, 20, 21] . Only the first nucleotide of this helix is required for nanomolar binding of c-di-GMP [22] . Once the RNA polymerase has cleared this nucleotide, the riboswitch is now binding competent.
In summary, the requirements for c-di-GMP binding appear to be a purine at position 20, a pyrimidine at position 92, A47, the C44/G83 element and the first nucleotide of the P1 helix. If these elements are present, the riboswitch is able to bind its ligand with nanomolar affinity [22] . The cellular concentration of c-di-GMP is predicted to be between nanomolar and low micromolar [1] , making riboswitches with binding affinities in this range or tighter responsive in vivo.
Recognition of an alternative ligand
In order to more fully define the interactions made by the riboswitch with its ligand, a double mutant riboswitch, G20A/C92U, was designed that recognizes both c-di-GMP and a related molecule, c-di-AMP. We obtained a 4-fold preference for c-di-AMP over c-di-GMP from this mutant [20] . Structural characterization confirms that both molecules are bound in the same orientation, but that interactions with the bases are unique [22] .
Recognition of each of the bases of c-di-GMP is identical with the single G20A and C92U mutants [22] (Figures 3a and  3b) . A hydrogen bond is lost at both G α and G β relative to the wild-type interactions. In the c-di-AMP structure, two hydrogen bonds are made with A20 in an AA Hoogsteen interaction, but hydrogen bonds with C46 and A48 are lost due to the absence of an N2 in adenosine (Figure 3c) . A β forms a Watson-Crick base pair with U92 but again loses a hydrogen bond because of its lack of an exocyclic amine at position 2 (Figure 3d) .
While a G20A/C92U riboswitch has not been found in Nature, this structure reveals that a c-di-AMP riboswitch could exist, evolving from a c-di-GMP-binding RNA. A few subtle modifications to the binding pocket could greatly improve the affinity for c-di-AMP by shifting residues so that they could interact with other heteroatoms of the adenosine moiety.
Kinetic control and genetic regulation
The exceptionally high affinity of this RNA-ligand interaction reflects the multitude of contacts made between the riboswitch and c-di-GMP. It is also a product of the kinetics of ligand binding. Both k on and k off are quite slow, 
1×10
6 M − 1 min − 1 and 1×10 − 5 min − 1 respectively [20] . This off-rate translates into a half-life for the complex of approx. 1 month. Once c-di-GMP is bound by the riboswitch, it will stay bound until the genetic decision is made. Consequently, the majority of the riboswitch responses are dependent on the bimolecular on-rate, making this an example of a kinetically controlled riboswitch [23, 24] . The in vivo response will thus be highly sensitive to the cellular concentration of c-di-GMP.
Many of the mutants investigated for ligand binding have also been assayed for binding kinetics. The majority of mutations result in a faster off-rate, leaving the onrate unchanged [22] . This implies that not only does this riboswitch exhibit sequence flexibility, but naturally occurring variants may exhibit a range of kinetic properties that could be tailored to specific, localized concentrations of c-di-GMP.
